These studies were initiated to investigate monocyte regulation of polyclonal antibody responses of human peripheral blood lymphocytes stimulated by sonicates of periodontally associated bacteria. With pokeweed mitogen (PWM) as a positive reference, the role of monocytes in the peripheral blood lymphocyte response to Streptococcus sanguis and Wolinella HVS was examined by manipulating the number of monocytes and lymphocytes in culture. In comparison to PWM, optimal responses to the bacterial sonicates required very few monocytes (0.3% of the total cultured cells). Restoration of monocytes to physiological levels resulted in suppression of the response. PWM-stimulated responses were optimal at 5 to 15% monocyte content and were abolished after monocyte depletion. Individuals who were low responders or nonresponders to bacterial sonicates responded at normal levels after manipulation of monocyte concentration. Nonresponders produced normal levels of antibody when the monocyte concentration was reduced to 0.3% but were inhibited after monocyte reconstitution. The effects of monocyte concentration were tested over a wide dose range of bacterial sonicate and found to conform to the observed pattern throughout the dose range tested (10 to 1,000 p.g/ml). The contrasting monocyte requirement of peripheral blood lymphocytes stimulated with PWM versus bacterial sonicates may reflect a quantitative difference in optimal macrophage concentration or may be due to a qualitative difference in lymphocyte-monocyte interactions in response to these activators.
These studies were initiated to investigate monocyte regulation of polyclonal antibody responses of human peripheral blood lymphocytes stimulated by sonicates of periodontally associated bacteria. With pokeweed mitogen (PWM) as a positive reference, the role of monocytes in the peripheral blood lymphocyte response to Streptococcus sanguis and Wolinella HVS was examined by manipulating the number of monocytes and lymphocytes in culture. In comparison to PWM, optimal responses to the bacterial sonicates required very few monocytes (0.3% of the total cultured cells). Restoration of monocytes to physiological levels resulted in suppression of the response. PWM-stimulated responses were optimal at 5 to 15% monocyte content and were abolished after monocyte depletion. Individuals who were low responders or nonresponders to bacterial sonicates responded at normal levels after manipulation of monocyte concentration. Nonresponders produced normal levels of antibody when the monocyte concentration was reduced to 0.3% but were inhibited after monocyte reconstitution. The effects of monocyte concentration were tested over a wide dose range of bacterial sonicate and found to conform to the observed pattern throughout the dose range tested (10 to 1,000 p.g/ml). The contrasting monocyte requirement of peripheral blood lymphocytes stimulated with PWM versus bacterial sonicates may reflect a quantitative difference in optimal macrophage concentration or may be due to a qualitative difference in lymphocyte-monocyte interactions in response to these activators.
It has been appreciated since the initial studies of Mosier (19) that adherent cells (blood monocytes or tissue macrophages) are required for antigen-specific proliferation and antibody production in both mice (25, 26) and humans (5) . Studies with polyclonal B-cell activators (PBA) in the murine system have shown a differential requirement for macrophages depending on the PBA used. For example, mouse spleen cells stimulated by dextran sulfate have been reported to require macrophages for polyclonal antibody production and proliferation (21) . In contrast, the response to lipopolysaccharide (LPS) is independent of macrophage help; in fact, macrophages have been shown to suppress the response (13) .
The monocyte requirement for antibody production by human peripheral blood lymphocytes (PBL) stimulated by PBA has been shown to be variable depending on the activator used. In a series of studies, Rosenberg and Lipsky (23, 24) and Fauci and Stevenson (4) have clearly demonstrated that adherent cell depletion abolished the capacity of human PBL to generate plaqueforming cells in the presence of pokeweed mitogen (PWM). A similar monocyte requirement was reported for optimal antibody responses stimulated by the PBA staphylococcal phage lysate and streptolysin 0 reagent by GmeligMeyling and Waldman (6) . In contrast to these monocyte-dependent PBA, a number of activators have been found to be independent of monocytes for optimal human antibody production in vitro. It has been reported that the wellcharacterized human PBA, Epstein-Barr virus and Norcardia water-soluble mitogen do not require monocytes for immunoglobulin production (3, 6, 29) . In regard to LPS stimulation of human lymphocytes, Levitt et al. (14) (12) .
In vitro culturing methods. Heparinized venous blood (25 U of heparin per ml; preservative free; Abbott Laboratories, North Chicago, Ill.) was obtained from normal healthy volunteers. Blood was mixed with an equal volume of Hanks balanced salt solution (I-BSS) and 30 ml was layered over 15 ml of lymphocyte separation medium solution (Litton Bionetics, Kensington, Md.) in a sterile 50-ml conical tube (Falcon Plastics, Oxnard, Calif.) The tubes were centrifuged at 400 x g for 35 min in a swinging bucket rotor. The mononuclear cell fraction was recovered from the lymphocyte separation medium-HBSS interface, washed three times in RPMI 1640, and resuspended in 2 to 5 ml of medium. Cell viability was assessed via phase-contrast microscopy. Cells were resuspended in complete medium consisting of RPMI 1640 supplemented with 2.0 mM L-glutamine, 100 U of penicillin per ml, 100 ,ug of streptomycin per ml (all components from GIBCO Laboratories, Grand Island, N.Y.), and 10% heat-inactivated fetal calf serum (FCS) (MA Bioproducts, Kensington, Md.). One million PBL, unless otherwise noted, were then added in 0.95 ml to plastic-capped culture tubes (12 by 75 mm; Falcon Plastics) to which was added 0.05 ml of medium (control), 0.05 ml of bacterial sonicates (experimental), or 0.05 ml of PWM (positive control; GIBCO) to yield the appropriate final concentration of activator. Each group was cultured in triplicate for 7 days at 37°C in a humidified atmosphere of 5% CO2 in air.
Depletion of adherent mononuclear cells. PBL were depleted of monocytes by using a two-step procedure. For the initial depletion step, adherence to plastic was performed by a method previously described (15) .
Briefly, plastic tissue culture dishes (100 by 20 mm)
were prewetted with 10 ml of HBSS containing 13% FCS. The adherence procedure was always carried out in the presence of serum, since 10 to 20% serum has been reported to help in decreasing the percentage of lymphocytes which may also adhere to plastic or glass surfaces (11, 20) . PBL The second step of the depletion procedure involved passing the nonadherent cells over columns of Sephadex G-10 by the method of Jerrells et al. (9) . Cell recovery routinely yielded 60 to 70% of the cells placed on the columns, and cell viability was 90 to 95%. Monocytes were consistently depleted to a level of 0.3% or less, as determined by nonspecific esterase staining (17) .
For some experiments, a modified depletion process was used. In these experiments, the adherence to plastic was omitted and PBL were applied directly to Sephadex G-10 columns following the above protocol. Cells nonadherent to Sephadex G-10 were then treated with the monoclonal antibody, anti-human monocyte 2 (anti-HM 2) (Bethesda Research Laboratories, Gaithersburg, Md.). Forty micrograms of this antibody in 10 ml was added directly to 106 adherent depleted PBL in culture tubes 12 by 75 mm and cultured for 7 days. Preparation of adherent cells. Human PBL were adhered to Falcon tissue culture plates as described above. After the nonadherent cells were decanted, the plates were washed five times with RPMI 1640-10% FCS. They were then incubated for an additional 20 to 30 min at 4°C in the presence of cold 0.2% bovine serum albumin-0.1% EDTA in HBSS. The adherent cells were then gently harvested with a rubber policeman and washed by centrifugation in fresh medium. Cell viability was generally 85-95% with this method, with approximately 85 to 93% esterase-positive cells present.
Radioimmunoassay. An indirect solid-phase radioimmunoassay was used for the determination of antibody production in cultures of human PBL. For coating the solid phase, IgG-fraction goat anti-human IgG or IgM (Cappell Laboratories, West Chester, Pa.) was diluted in bicarbonate-carbonate coupling buffer (pH 9.6) at a concentration of 10 ,ug/ml of antibody protein. 
RESULTS
Initial experiments were performed to assess the effect of monocyte depletion on the IgM and IgG responses to normal PBL stimulated with PWM (1:200), Wolinella HVS (50 and 200 ,ug/ml), and S. sanguis (50 and 200 pug/ml). Monocytes were depleted by a two-step depletion procedure which consisted of an initial adherence to plastic, followed by a second depletion of the plastic-non adherent cells on Sephadex G-10 columns. In addition, monoclonal antibody specific for human monocytes (anti-HM 2) was utilized to inactivate residual monocytes. In experiments utilizing this antibody, the initial adherence to plastic was omitted, and PBL were subjected to passage over Sephadex G-10 only, followed by treatment with the antibody.
Initial studies were performed with six individuals, three classified as responders and three as nonresponders. Responders were defined as individuals producing significant in vitro IgM and IgG in response to various periodontal isolates. In contrast, nonresponders did not produce significant immunoglobulin upon activation with bacterial sonicates. The studies were designed in this manner because several investigators have reported that suppressor monocytes exist in the normal population which can modulate the response to polyclonal activators (6, 10, 29) . Thus, in addition to examining the role of monocytes per se, these studies explored the effect of monocytes on nonresponder status.
Representative data from one of three experiments in which the culture conditions were manipulated with regard to monocytes are presented ( Fig. 1 and 2 ). The response to PWM was significantly decreased after removal of monocytes by Sephadex G-10 column or column adherence plus anti-HM 2 treatment (Fig. 1) FIG. 1 . Effect of monocyte depletion on IgM production by responder PBL. PBL from responder subjects were depleted of monocytes by a two-step adherence procedure. For columns designated G-10, PBL were adhered to tissue culture plates, and nonadherent cells were passed over Sephadex G-10. For columns designated G-10 + anti-HM 2, PBL were passed over Sephadex G-10, and nonadherent cells were treated with anti-HM 2. For columns designated G-10 + 15% mono, PBL were adhered to plastic, and nonadherent cells were passed over Sephadex G-10. Cells adherent to plastic were termed monocytes and added back to depleted cultures at 15% concentration. Cultures were set up at a constant cell density (106 cells per ml) in triplicate and stimulated with medium alone (unstim.), PWM (1:10), or bacterial sonicates (50 and 200 ,ug/ml). After a 7-day incubation, supernatants were harvested, and the amount of immunoglobulin produced was determined by a radioimmunoassay. Immunoglobulin levels at the optimal stimulatory dose for each experimental group from triplicate cultures were used for determination of the mean and standard error. (Fig. 2) showed a similar pattern. Again the response to PWM was decreased when either depletion technique was used, but it was dramatically restored when 15% adherent cells were added back. Consistent with the IgM data ( Fig. 1) , Wolinella HVS-and S. sanguis-activat- (Fig. 5) . All values represent the net antibody response after subtraction of the unstimulated control response at each monocyte concentration. Consistent with previous results, the PWM-driven IgM response was seen to be dependent on monocytes.
Monocytes were able to restore the response over a broad dose range. However, the response peaked with the addition of 10% adherent cells. As compared to the PWM response, the IgM response to both Wolinella HVS and S. sanguis was shown to be relatively independent of monocytes. With restoration of S. sanguis-and Wolinella HVS-activated cultures with 5, 10, and 20% adherent cells, there was a depression in the IgM level. However, in S. sanguis-stimulated cultures, the IgM response returned to control levels with the addition of 15 and 30% monocytes. The IgG response (Fig. 6) showed a similar pattern, as IgG production in cultures stimulated with bacterial sonicates increased after the removal of monocytes. In contrast, PWM-activated cultures were unable to produce IgG in the absence of monocytes. The PWMinduced cultures demonstrated a significant enhancement in IgG levels when 5% monocytes were restored to the cultures, and IgG production was restored with the addition of 10 monocytes. Cultures stimulated with Wolinella HVS and S. sanguis demonstrated a suppression in IgG production over the entire range of added monocytes.
Although the data clearly supported a distinct regulatory role for monocytes in the B-cell activation induced by periodontal organisms, these experiments left several questions unanswered. Although it appeared that adherent cells were providing a suppressor effect on B-cell activation, perhaps this effect was not mediated through the monocyte but was simply a reflection of the culturing system used, especially with regard to the dose of activator employed. It has been shown previously that high doses of PBA can paralyze B-lymphocytes, thus preventing significant B-cell function (18) . In all preceding experiments ( Fig. 1 to 6 ), the number of nonadherent cells was also varied concurrently with the reconstitution of monocytes to maintain a constant cell density. Thus, the effect of decreasing the number of nonadherent B-and Tcells had to be addressed. Experiments were designed in which both of these questions were answered. Three doses of bacterial sonicates over 2 logs were employed, which covered the dose range for these organisms. In addition, monocytes (5 to 30%) were restored to adherent cell-depleted cultures while keeping the number of nonadherent cells constant. All experimental techniques described above were followed; only the dose of activator and the cell densities were varied in these experiments.
Three different individuals were tested in this manner, and representative data from one individual are shown in Fig. 7 and 8 . In both figures, the value for the unstimulated cultures was subtracted from all experimental points within each group. As noted, a 2-log dose range of Wolinella HVS was utilized (10, 100, and 1,000 ,ug/ml). For most individuals, 10 ,ug/ml was the lowest dose capable of inducing detectable IgM and IgG production. The patterns of responsiveness in these experiments ( Fig. 7 and 8) were very similar to those seen in all previous studies concerning monocyte regulation. These patterns were maintained with all doses of activator and in the presence of a constant number of nonadherent cells. In the PWM-stimulated cultures, both IgM and IgG responses showed a marked decrease in antibody levels upon depletion of monocytes, with a peak in immunoglobulin production with the addition of 10% monocytes. The IgM response in PWM-activated cultures (Fig. 7) was suppressed below control levels with the addition of 15 and 30% monocytes, whereas the IgG response (Fig. 8) Fig. 7 and 8 ). This regulatory role for monocytes was observed in cultures stimulated with S. sanguis or Wolinella HVS and was detected when the cell density was varied or kept constant and over a wide dose range of bacterial sonicates. The dose of activator was ruled out as an explanation for the observed suppression ( Fig. 7 and 8 (7, 8) and could be responsible for the suppression seen in the present studies. In addition, the suppression could be mediated via a soluble monocyte factor acting directly on the Bcell or indirectly via a T-lymphocyte. Lemke et al. (13) have clearly shown that LPS activation of mouse spleen cells is independent of macrophages and that macrophages suppress B-cell activation. It could be postulated that the LPS present in the gram-negative isolate used here (Wolinella HVS) could be mediating a similar effect. Although LPS may be partly responsible for the suppression seen, it certainly was not the only factor involved, as the monocyte regulation in regard to the gram-positive isolate S. sanguis was identical to that seen for Wolinella HVS.
Although the present studies indicated that IgM and IgG production in response to periodontal organisms was not dependent on monocytes, a requirement for this cell cannot be totally excluded. Even with a two-step depletion procedure, there were a few remaining monocytes which could have been mediating an effect. In contrast, it is possible that another cell, such as an adherent T-suppressor cell, could be responsible for the regulatory modulation which was ascribed to the monocyte. A number of factors argue against this possibility. The effect seen on PWM-activated cultures was consistent with other reported monocyte studies (4, 23, 24) , thus providing evidence that the cell being depleted and restored actually was the monocyte. Several other reports of monocyte-mediated suppression of human PBA responses are consistent with the present study. Contaminating Band T-cells were removed from an adherent cell preparation in one study; however, suppression remained unchanged (6) . Although the role of adherent lymphocytes cannot be definitely excluded in the present study, it is more probable that monocytes are responsible for the effects seen.
In a recent report by Stashenko (28) , it was reported that proliferation of human T-cells responding to a panel of periodontally associated bacterial sonicates was dependent on the presence of monocytes, whereas the proliferative response to PWM was only partially decreased upon removal of monocytes. These findings concerning PWM are in contrast to those of Rosenberg and Lipsky (23, 24) showing that the proliferative response of whole PBL fractions is abolished upon the removal of monocytes. The reason for differences in these studies is not clear, although it may reflect differences in depletion techniques and culture conditions. Rosenberg and Lipsky point out that when nonadherent PBL were contaminated with small numbers of adherent cells, the demonstration of a monocyte requirement for PWM activation required the use of low-density cultures achieved by utilizing flat-bottomed microtiter plates (23, 24) . When round-bottomed microtiter plates were used as employed by Stashenko (28) , difficulty in demonstrating a monocyte dependence for both PWM-induced proliferation and antibody production was reported. It is difficult to compare the findings of the present study with those of Stashenko (28) , as B-cell activation to antibody production is being assessed in the present study. However, Mangan and Lopatin (16) reported that antibody production in response to A. viscosus demonstrated a regulatory role for monocytes similar to this report.
The clear differences seen in the present study in regard to the monocyte requirement for cultures stimulated with PWM or bacterial sonicates should be emphasized. Although the response to the bacterial extracts cannot be claimed to be totally independent of monocytes, PWM-driven B-cell activation certainly requires a much greater number of monocytes for optimal immunoglobulin production. As antigen-specific antibody synthesis has been clearly shown to require monocytes, the relative monocyte independence of the bacterially stimulated cultures lends further support to the polyclonal B-cellactivating ability of periodontally associated bacterial sonicates. In addition, the significant role of monocytes in modulating responder status demonstrates the important regulatory function of this cell.
